Nearly all bacterial species express two or more chaperonin genes. Recent data indicate that type I chaperonins may be key players in bacterial infections. This is partly due to the well-known contribution of chaperonins in cellular proteostasis, the latter being compromised during bacterial host infection. In addition to their protein-folding activity, it has been revealed that certain chaperonins also exhibit moonlighting functions that can contribute in different ways to bacterial pathogenicity. Examples range from inducing adhesion molecules in Chlamydophila pneumoniae to supporting intracellular survival in Mycobacterium tuberculosis and Leishmania donovani, to inducing cytokines in Helicobacter pylori to promoting antimicrobial resistance in Escherichia coli, amongst others. This article provides a thorough reviews of our current understanding of the different mechanisms involving type I chaperonins during bacteria-host interactions, and suggests new areas to be explored and the potential of finding new targets for fighting bacterial infections.
INTRODUCTION
During host infection, bacteria trigger an increased production of chaperones in order to protect themselves against host stress factors that cause protein degradation and aggregation [1, 2] . The chaperone systems consist of several protein families that contribute to cellular proteostasis. They function in a coordinated manner to prevent protein aggregation and either fold unfolded proteins, refold misfolded proteins or direct them for degradation through the main proteolytic systems, mainly the ubiquitin proteasome or the autophagy lysosome systems [3] [4] [5] [6] . The major families of chaperones are summarized in Fig. 1 . Prokaryotes use primarily the same two chaperones to fold proteins after translation, and then again after stress. In contrast to that, eukaryotes, particularly yeast, use two distinct chaperone networks -one to fold newly synthesized proteins and another to deal with stress-induced misfolding [7] .
Type I chaperonins, which are the subject of this review, are a group of ATP-dependent chaperones. They are found in nearly all bacterial species, with a small number of Mycoplasma being the only exception. They are mainly known for their central role in assisting protein folding and maintaining cell proteostasis under both normal and stressful conditions. Unlike enzymes, with their precise and finely tuned active sites, chaperonins are heavy-duty molecular machines that operate on a wide range of substrates [3] [4] [5] .
Proteins that are able rapidly to fold to their native state (class I) were demonstrated as engaging only to a small extent with the chaperones. However, proteins that were slower at folding to their functional structure (class II) flowed mostly through the DnaK/DnaJ/GrpE chaperone system. The proteins slowest to reach their functional structure (class III) flowed through GroEL/GroES chaperonins, also known as the Cpn60/Cpn10 system. This sorting was shown to be largely encoded by a high-capture speed of class III proteins by GroEL/GroES chaperonins. The proteostasis process is energy efficient: only the most misfolded proteins use the most energy-expensive chaperone, which is the GroEL/GroES chaperonin [8] .
In addition, recent research has recognized chaperonins as moonlighting proteins; they can perform more than one biological function, including activities beyond protein-folding, such as their involvement in diverse pathways of bacterial infection and host immune response [9] . In this review, we will describe our present understanding of the role and mechanism of action of type I chaperonins in bacterial pathogenesis. We first describe how chaperonins were established as moonlighting proteins and we will then define their involvement in bacteria-host interactions at the level of adhesion, immune response and cell signalling. We will also discuss the role of chaperonins in promoting bacterial virulence and antibiotic resistance. 
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Moonlighting in type I chaperonins
Chaperonins are a subfamily of ubiquitous chaperones characterized by a double-ring structure. Their main role is to assist in the correct folding of cellular proteins under both normal and stress conditions. They function by globally enclosing substrates in a folding chamber, providing a protective milieu where the nascent and denatured proteins can (re)-fold away from the crowded cellular environment. This process is powered by ATP binding and hydrolysis, which drives a series of conformational changes in the chaperonin protein that enable encapsulation and subsequent release of proteins. There are two groups of chaperonins, which differ in their structure: type I and type II. Type I chaperonins are found in nearly all bacteria, as well as in organelles of endosymbiotic origin such as mitochondria. Type II chaperonins are found in the eukaryotic cytosol and in archaea [10] [11] [12] . In type I chaperonins, Cpn60 proteins (GroEL in Escherichia coli) work in cooperation with Cpn10 co-chaperonins (GroES in E. coli). Cpn60 forms the cavity where nascent or denaturated proteins are folded, while Cpn10 constitutes the lid of the folding chamber. Type I chaperonins differ from type II mainly in their lid structure. In the former, the lid of the folding chamber is an independent protein (Cpn10) whereas in the latter the lid is a built-in domain consisting of a long a-helix [12] . The best-characterized type I chaperonin is the GroEL/GroES complex found in E. coli (also known as Cpn60/Cpn10). Cpn60 forms a tetradecamer with two stacked heptameric rings, while Cpn10 forms a homo-heptamer [13] . The Cpn60/Cpn10 chaperonin system provides protein-folding assistance via two principal actions. The first of these involves binding of the non-native protein to the open ring of Cpn60 through hydrophobic bonds between the nonnative protein and the apical domains of Cpn60. The second involves folding of the protein in the encapsulated hydrophilic chamber formed when ATP and Cpn10 are bound to the same ring [14] . After a step of slow ATP hydrolysis, the 'lid' is re-opened and, if the protein is correctly folded, it will be released or it will otherwise be recaptured by another chaperonin ring [6] .
Studies have revealed that the Cpn60/Cpn10 complex exhibits extensive mechanistic flexibility and substrate diversity [15] . Previously, before their role as protein-folding molecules had been identified, type I chaperonins were discovered as major immunogens of certain pathogenic bacteria [16] . In addition, genome studies have revealed that many bacteria have multiple copies of the Cpn60 gene; examples include Chlamydia, Actinobacteria and Cyanobacteria. This characteristic is hypothesized to be an adaptive process that allows chaperonins to acquire functions beyond protein folding [3] .
Type I chaperonins show extensive sequence similarity with one another, typically around 70 %. However, they exhibit different moonlighting effects on cells. For instance, Mycobacterium tuberculosis expresses two Cpn60 homologous proteins (Cpn60.1 and Cpn60.2) that share 76 % similarity in their amino acid sequence, with most of the divergence being at the C-terminus. Yet, these proteins behave differently during infection: Cpn60.1 is a more potent stimulator of monocytes than Cpn60.2. It was therefore hypothesized that the difference in amino acid sequence, particularly at the level of the C-terminus, may account for these variations in activities. However, further investigation is needed to confirm this hypothesis [12] .
In recent research, biochemical evidence of the contribution of bacterial chaperonins in various aspects of infection and immunity has been further uncovered and is extensively reviewed below.
Chaperonin and adhesion factors
The first step in the process of bacterial pathogenicity is adhesion to the host's epithelial and mucosal surfaces. This is a crucial step in bacterial infection as it prevents clearance of pathogens by the numerous mechanical forces produced by the host. Pathogen-host adhesion also promotes bacterial synthesis of stress proteins [1, 2] . Normally, molecular chaperonins are found in the cellular cytosol, where they exert their protein-folding activities. However, recent research has shown that many bacterial species express molecular chaperonins on their cell surface and use these as adhesins: species include Clostridium difficile and Helicobacter pylori. In common with other moonlighting proteins, the mechanisms by which molecular chaperones are translocated to the plasma membrane remain poorly understood. Borrelia burgdorferi, the causative agent of Lyme disease, has a cell surface Cpn60 which can bind to a glycosphingolipid. Co-incubation of C. difficile with anti-Cpn60 antibodies or purified Cpn60 significantly decreased bacterial adherence of C. difficile cells to cultured Vero cells, suggesting a role for Cpn60 in adherence [17, 18] . In vitro blockade of Cpn60 of H. pylori by monoclonal antibodies targeting H. pylori Cpn60 resulted in a decreased rate of bacterial adhesion to human gastric carcinoma cells (MKN45 cells) [19] . The Cpn60 of Salmonella enterica serovar Typhimurium -the pathogen responsible for typhoid fever -has been shown to bind to undefined components of mucus [16] . In addition, in glycosylation-associated protein (Gap) 1-deficient Streptococcus parasanguinis, molecular chaperone Cpn60 was co-purified with Gap3, suggesting that Cpn60 may counteract the deficiency of Gap1, which acts in tandem with Gap3 for Fimbriae-associated protein (Fap) 1 biogenesis [20] .
Adhesion is also important in bacterial interaction with phagocytic cells. M. tuberculosis chaperonin Cpn60.2 has been revealed as an essential component in the mycobacterial interaction with CD43 expressed on lung macrophages [21] . The work of Tyler and colleagues has shown that the binding between Cpn60.2 and CD43 is of weak affinity in the low micromolar range. Nevertheless, the binding appears to be specific and saturable. Cpn60 chaperonins from other bacteria, such as GroEL of E. coli, have shown the ability to competitively inhibit the binding of Cpn60.2 of M. tuberculosis to CD43 of macrophages. However, this is not the case for mouse and human Hsp60 -the eukaryotic (mitochondrial/chloroplast) homologue of Cpn60 [22] .
In the work of Hageman and colleagues, M. pneumoniae chaperones GroEL and DnaK were demonstrated to be located on the bacterial cell surface and able to bind to human A549 cells -an in vitro model for a type II pulmonary epithelium. They were also found to bind to host plasminogen, vitronectin, fibronectin and fibrinogen [23] . Bacterial interaction with host plasminogen plays an important role in promoting bacterial invasion. Plasminogen can serve as a co-factor in adhesion or, following activation to plasma, as a source of potent proteolytic activity [24] .
In some bacteria, including E. coli and Chlamydophila pneumoniae, Cpn60 chaperonins can induce the expression of cell adhesion molecules in host cells and pro-inflammatory factors, thereby promoting cellular adhesion and inflammation. The underlying mechanism remains poorly understood. E. coli Cpn60 can induce the expression of intracellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) on host vascular endothelial cells. Similarly, C. pneumoniae and human Cpn60 have been shown to induce the expression of endothelialleukocyte adhesion molecule-1 (E-selectin), ICAM-1 and VCAM-1 on vascular endothelial cells, and the release of interleukin-6 by endothelial cells, smooth muscle cells and macrophages [25] .
Chaperonins and host immune response
In recent research, molecular chaperones in bacteria and protozoan parasites (Cpn60, Hsp70 and Hsp90) have been recognized as potent antigens, immunomodulators and inducers of cross-reactive immunity [16] . In the 1970s, bacterial Cpn60 was initially identified as a major immunogen because of its ability to trigger the host immune response in many bacterial infections. It was first termed 'common antigen' and subsequently characterized as the Cpn60 chaperonin [16] .
Chaperonins have been shown to influence both the acquired and innate host immune system. In regard to the former, production of anti-Cpn60 antibodies is thought to be a common phenomenon that occurs very early in life and that is triggered by certain pathogens and by vaccines such as the trivalent diphtheria/pertussis/tetanus vaccine. Regarding the latter, Cpn60 proteins from E. coli and Chlamydia trachomatis both induced the production of proinflammatory cytokines by monocytes [12] .
Other examples of immunogenic bacterial Cpn60 homologues include those found in Mycobacteria species, C. difficile and Yersinia enterocolitica, among others. Mycobacteria species were shown to activate both the innate and acquired host immune system through their chaperonins. Chaperonin 60.2 (Cpn60.2, also called Hsp65) protein of M. tuberculosis was shown to stimulate monocytes to secrete proinflammatory cytokines, including tumour necrosis factor (TNF), interleukin (IL) 6 and IL-8 [26] . This characteristic was first reported by Friedland and co-workers and is considered important in the development of antigen-specific T-cell-mediated immunity [26] . Patients infected with M. tuberculosis or Mycobacterium leprae were shown to exhibit significant antibody responses to Cpn60 [16] .
Intranasal immunization of mice with recombinant C. difficile Cpn60 proteins resulted in lower C. difficile intestinal colonization in the immunized group as compared to the control group [18, 27] . A direct role of Cpn60-specific T cells in the host immune response of mice infected with Y. enterocolitica was demonstrated, where numbers of CD4 T cells specific for Cpn60 were increased in infected mice and mediated significant protection against infection when adaptively transferred [25] . Several bacterial homologues of the Cpn60 have been established as immunomodulators, because these can elicit pro-inflammatory responses through the induction of interleukin (IL)-6, tumour necrosis factor (TNF)-a and nitric oxide (NO), and the activation of the type 1 T-helper cells by promoting cytokines IL-12 and IL-15 [28] .
In the work of Ching-Yi and colleagues, recombinant H. pylori's Cpn60 resulted in an upregulation of many cytokines in human monocytes (THP-1 cells) including IL-1a, IL-8, IL-10, interferon (IFN)-c, TNF-a, tumour growth factor (TGF)-b, GRO and RANTES, which are all pro-inflammatory factors. These characteristics were thought to be partly conferred by the particular oligomerization pattern of H. pylori Cpn60. Indeed, unlike most bacterial species where Cpn60 proteins tend to form heptamers, Cpn60 proteins expressed by H. pylori were shown to preferentially form dimers and tetramers [28] . Further studies are needed to confirm this hypothesis.
Chaperonins involved in host cell signalling pathways Under-expression of specific chaperonins can negatively affect bacterial pathogenic properties under normal or stressful conditions. The explanation behind this finding is the key role of chaperonins in altering host cell signalling pathways that regulate apoptosis, virulence and survival. Examples of bacterial chaperonins involved in host cell signalling are found in M. tuberculosis, Leishmania donovani and Neisseria gonorrhea.
M. tuberculosis expresses two chaperonins, one (Cpn60.1) dispensable and one (Cpn60.2) essential. These both participate in cell signaling processes [29] . The role of Cpn60.2 is not restricted to host macrophage binding and cytokine release from monocytes as described previously, it also involves cell signalling pathways that prolong the survival of Mycobacteria within macrophages. The work of Joseph and colleagues has shown that following the ingestion of M. tuberculosis by the macrophage, Cpn60.2 can detach from the bacterial surface and penetrate the host mitochondria. Once established there, it can block macrophage apoptosis by interacting with host mortalin and enhancing its anti-apoptotic activity [30] . In contrast, M. tuberculosis Cpn60.1 is not essential for cell survival. Nevertheless, the work of Sharma and colleagues revealed that although Cpn60.1 is dispensable under normal conditions, it may play an important role in mycobacterial adaptation and survival under low aeration faced in the hostile acellular environment of granulomata. Survival assessment and transcriptomic analyses showed that, under low aeration induced in vitro, Cpn60.1 knockout of M. tuberculosis exhibited reduced survival likelihood and alterations in the expression of key virulence factors: two-component systems PhoP/R and MprA/B, sigma factors SigM and SigC and hypoxia response genes regulators: Rv0081, Rv0023 and DosR, compared to the wild type model [31] .
Chaperonin 10 (Cpn10) of Leishmania donovani -the parasite responsible for leishmaniosis -was revealed to be localized in the cytosol of infected macrophages and involved in parasite internalization and survival. L. donovani, with Cpn10 single allele knockdown (Cpn10+/À), was shown to be more readily internalized by macrophages than wild-type L. donovani and they displayed significantly impaired intracellular survival. In addition, Cpn10 protein was found to downregulate many macrophage proteins involved in innate immunity [32] . In N. gonorrhea, bacterial adherence to human epithelial cells was shown to upregulate the expression of the rpoH gene, which encodes a homologue of the sigma 32 factor, as well as genes groEL and groES. This was hypothesized to promote bacterial adaptation to the stressful host environment [33, 34] .
Chaperonins in bacterial virulence and antimicrobial resistance
Most bacterial virulence factors are located on the cell surface or secreted into the surrounding environment. The proper transportation of these molecules is a key feature in bacterial pathogenicity. Studies have revealed that chaperones play a role in the transport and activation of virulence factors in many bacteria [1] . For instance, the secretion of virulence factors YopE and YopH from Yersinia that follows the type III secretion pathway requires cytosolic chaperones SycE and SycH to protect the region involved in translocation across the eukaryotic membrane [1] . b-lactamase also follows the general secretion (Sec) pathway. blactamase is an important enzyme that confers resistance in bacteria to b-lactam antibiotics such as penicillins and cephalosporins. Mutations in Cpn10 and in Cpn60 of E. coli were shown to significantly delay the processing of b-lactamase in vivo [35] .
On the other hand, some studies suggest that bacterial chaperonins can function as direct virulence factors; examples include those in H. pylori and in M. tuberculosis. Cpn60 is expressed on the surface of H. pylori and is a major antigen in patients affected by peptic ulcer, with possible diagnostic potential [33] . H. pylori Cpn60 was suggested to play a role in gastroduodenal disease through a cross-interaction between human anti-H. pylori Cpn60 antibodies and human Hsp60 proteins [36] . In M. tuberculosis, both Cpn60.2 and Cpn60.1 were shown to act as virulence factors. The former was shown to be more potent than the latter at inducing IL-1 and IL-6 production on whole blood, and was the only one to induce TNF-a. Cpn60.1 is likely to be necessary for granulomata formation since an isogenic mutant lacking cpn60.1, but containing intact cpn60.2, failed to generate multinucleate giant cells in an in vitro human granuloma assay [37] .
Chaperonins involved in bacterial secretion
One essential characteristic of bacteria is the transport of proteins from the cytoplasm to other compartments of the cell, the environment and/or other bacteria or eukaryotic cells. Secreted proteins can play many roles in promoting bacterial virulence, from enhancing attachment to host cells, to scavenging resources, to directly intoxicating target cells. The general secretion (Sec) and twin arginine translocation (Tat) pathways are the bacterial secretion systems most commonly used to transport proteins across the cytoplasmic membrane. In contrast to the Sec pathway, which transports proteins in an unfolded manner, the Tat pathway serves to actively translocate folded proteins across a lipid membrane bi-layer [38] . Recent studies have revealed the involvement of Cpn60 and Cpn10 chaperonins in both the Sec and Tat secretion pathways. There is strong evidence for the participation of Cpn60 and Cpn10s in the processing of several Sec substrates, including LamB-LacZ and b-lactamase. For instance, in E. coli, overexpression of Cpn60 or Cpn10 alone was shown to improve the export of LamB-LacZ fusion protein. In addition, mutations in both Cpn10 (groES619) and Cpn60 (groEL44) significantly delayed the processing of blactamase in vivo. Finally, genetic studies using translocation-compromised E. coli have revealed that Cpn60 and Cpn10 overexpression can successfully overcome many secsensitive mutations [35] . Compared to the Sec pathway, there is weaker evidence of direct involvement of bacterial chaperonins Cpn60 and Cpn10 in the Tat secretion pathway. Results have shown both in vivo and in vitro interactions between Cpn60 and several Tat signal sequences, including those of AmiA, CueO and HiPIP. Nevertheless, the interaction of Cpn60 with Tat substrates seems to occur mainly in the absence of the DnaK chaperone, thus revealing possible overlaps between the two chaperones during the processing of Tat substrates, with a selective advantage for DnaK [35, 39] . In addition, Cpn60 was revealed capable of interacting with both NapD and DmsD, which are the redox enzyme maturation proteins (REMPs) for the Tatdependent proteins NapA and DmsA, respectively [35, 40] .
Hsp70 and Hsp60 chaperone machines in bacteria
Other bacterial chaperones also known as heat shock proteins (Hsp) display close similarities in their moonlighting functions to bacterial Cpn60. Most notably, the chaperone Hsp70 -also known as DnaK in prokaryotes -has been recognized as a moonlighting protein conferring key advantages on several bacterial species in infectious pathways, including adhesion, intracellular survival and antimicrobial resistance. Hsp70 carries out diverse basic functions, including protein folding, translocation across organelle membranes and protein disaggregation. Hsp70 has two domains: an ATPase domain and a substrate-binding domain. Like GroEL, its activity depends on interactions with co-chaperones, namely the Hsp40 proteins (also known in E. coli as DnaJ) and nucleotide exchange factors (NEFs, which stimulate ADP release and nucleotide exchange after ATP hydrolysis) [5] . Many examples account for Hsp70's moonlighting function in bacterial infection. For instance, Staphylococcus mutans and E. coli depend on Hsp70 for biofilm formation, which promotes host adhesion. Mycobacterium spp. and Brucella partly rely on Hsp70 to withstand the oxidative burst encountered in phagocytes. In addition, Hsp70 chaperone has been revealed to play an important role in bacterial antimicrobial resistance. Mutations in the dnak gene of S. aureus resulted in increased bacterial susceptibility to methicillin and oxacillin. Similarly, mutations in the dnak gene of E. coli led to increased bacterial sensitivity to fluoroquinolones [41] . Furthermore, Hsp70 expression was upregulated in a multidrug-resistant strain of Acinetobacter baumannii (RS4) in the presence of various antimicrobials (ampicillin+sulbactam, cefepime, meropenem and sulphamethoxazole+trimethoprim), helping bacteria cope with the stress induced by antibiotic exposure [42] .
Pathways of chaperonin-mediated protein folding in bacterial pathogenesis
In bacteria, folding of newly synthesized or stress-denaturated cytosolic proteins is mainly orchestrated by three molecular chaperones, Trigger Factor (TF), DnaK (Hsp70) and GroEL (Cpn60) [35] . Maintaining proteostasis is a key to ensuring correct cell functioning and viability. Proteins tend to unfold massively and form aggregates when the temperature of an organism is raised or following exposure to stressful conditions [3] . Chaperones are biologically overexpressed under these special conditions in order to participate in cellular protection. Other than re-folding denatured proteins, chaperones are able to mask temperature-sensitive protein mutations known to induce defects in protein folding [43] . Subsequently, Cpn60 and Cpn10 exerted a negative feedback on the heat shock response by promoting proteolysis of the heat shock transcription activator sigma32 and the major RNA chaperone CspC that stabilizes the transcripts of several stress-related genes [44] . The role of bacterial chaperonins in maintaining proteostasis is illustrated in Fig. 2 .
It has been revealed that chaperones can confer protection against certain antibiotic classes known to disrupt bacterial protein folding. It was hypothesized that Hsp70 helps sequester the protein aggregates that accumulate in bacterial cells exposed to fluoroquinolones [42] . Chaperonin gene expression has been reported to be upregulated in response to aminoglycoside exposure in E. coli. This was shown to confer short-term bacterial tolerance to this drug class known to cause translational misreading and protein misfolding. Furthermore, following exposure to sub-lethal streptomycin concentration, chaperonin overexpression in E. coli was shown to accelerate streptomycin resistance and to reduce susceptibility to several other antibiotics to which bacteria were not exposed [45] . These data tend to show that chaperonins are important contributors to the bacterial antibiotic resistance machinery. This may be a promising area to explore in an attempt to overcome bacterial resistance by defining new anti-infective agents.
Bacteria with type I chaperonins
Nearly all bacterial species have type I chaperonins. Recent genome sequencing studies have revealed that more than 30 % of sequenced bacterial genomes contain two or more chaperonin genes, adding to the evidence for chaperonin sub-specialization. This further supports the moonlighting functions in addition to the well-known protein-folding function of chaperonin [3] . The most notable moonlighting functions of type I chaperonins involved in bacterial infection discussed in this review are summarized in Table 1 and Fig. 3 . The origin of chaperonins acquiring moonlighting activities is also poorly understood. It is believed that chaperonins are important capacitors of evolutionary and ecological changes. After screening 622 bacterial genomes for genes encoding chaperonins, Williams and co-workers found archaeal-like chaperonins in bacteria involved in carbon monoxide metabolism or sulfur reduction, suggesting a possible horizontal gene transfer into these bacteria from archaea. They also found that chaperonins expressed by intracellular pathogenic bacteria were the most functionally divergent, suggesting that certain intracellular bacterial growth environments may have triggered particular evolutionary changes in chaperonins [46] . Type I chaperonins are believed to be essential in most bacteria for proper functioning and growth under both normal and stress condition. By the late 1990s, Fayet and coworkers had already demonstrated through P1 transduction experiments that groEL and groES genes, encoding respectively the Cpn60 and Cpn10 proteins of E. coli, were essential for bacterial growth at all temperatures [47] . In other species, Cpn60 and Cpn10 were shown to favour survival The benefits of chaperone overexpression in bacteria are now being studied in genetic engineering to develop stress-tolerant microorganisms such as lactic acid bacteria that are widely used as probiotics and starters for dairy products [48] .
As type I chaperonins are necessary for bacterial growth and functioning, Abdeena and colleagues hypothesized that targeting of Cpn60 and Cpn10 chaperonins with small molecule inhibitors could be an interesting antibacterial strategy.
In their study, they tested different Cpn60/Cpn10 inhibitors against a panel of Gram-positive and -negative bacteria. Cpn60/Cpn10 inhibitors were shown to be more effective against Gram-positive bacteria, in particular S. aureus. Many compounds also inhibited the activity of human type I chaperonins Hsp60 and Hsp10, but showed low to no cytotoxicity against human liver and kidney cell lines. Two leading candidates emerged from the panel with high selectivity for S. aureus (>50-fold compared to human liver and kidney cells) and inhibited both drug-sensitive and methicillin-resistant strains with potencies comparable to vancomycin, daptomycin and streptomycin [49] . The present study reveals that Cpn60/Cpn10 inhibitors may be promising candidates in the development of new antimicrobial agents. The immunogenic property of certain chaperones is also being used in order to develop new vaccination strategies using food-grade lactic acid bacteria as an antigen-delivery vector [48] .
Conclusion
Research in the past decade has allowed us to establish type I chaperonins as important contributors to bacteria-host interaction through both their protein-folding and moonlighting functions. The mechanisms behind chaperoninmediated bacterial pathogenicity are complex, multifactorial and can vary considerably from one bacterial species to another. Studying the contribution of chaperonins in bacteria-host interactions is still at its infancy. Indeed, although some mechanisms have been thoroughly studied, such as chaperonins acting as adhesion factors or immunogenic proteins, many other mechanisms are poorly understood. These mechanisms include the translocation of chaperonins to the cellular membrane and extracellular environment, their involvement in bacterial secretion pathways and their contribution to the acquisition of bacterial antimicrobial resistance. This may be a promising area to explore for novel antimicrobial targets in an attempt to overcome bacterial resistance.
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